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Introduction {#sec1}
============

Vacuum UV (VUV, 10--200 nm) detection technology plays an indispensable role in modern science. The monitoring of space weather such as solar wind ([@bib3], [@bib4], [@bib35]), the measurement and diagnosis of VUV sources like VUV free electron lasers ([@bib13], [@bib37]), and the control of VUV sources in the electronics industry like high-resolution lithography ([@bib23], [@bib34]) have become the main driving force for the development of VUV photodetectors (PDs). VUV filterless PDs based on ultrawide-band-gap semiconductor have become a research hotspot in recent years owing to the advantages of miniaturization and integration ([@bib5], [@bib10], [@bib9], [@bib22], [@bib36]). In addition to the high responsivity PDs have always pursued, ultra-fast response speed and low power consumption are also the indicators particularly important especially for deep space applications. At present, most widely reported VUV PDs are photoconductive devices that have realized ultra-high photoresponsivity through the gain mechanism ([@bib44], [@bib48], [@bib49]) at the expense of response speed and in demand of electrical input (such as a certain bias). Fortunately, in these two aspects, photovoltaic (PV) VUV PDs with vertical structure ([@bib31], [@bib46]) have significant advantages. For one thing, since the photo-generated carriers can be efficiently separated by the built-in electric field and collected by the charge-selective transport layer in the thinner depletion layer, the PV device can easily realize ultra-fast response speed ([@bib28], [@bib39], [@bib41]). For the other thing, a PV device operating at zero bias can directly output an electrical signal, which not only reduces the power consumption of the entire detection system but also enhances the ability of electrical signals to reproduce optical signals, hence reducing the distortion of the final imaging.

It is well known that open-circuit voltage, one of the most critical performance indicators of PV devices, can measure the photoelectric conversion capability of the devices. Its value is equal to the photovoltage when the circuit current is zero. A larger open-circuit voltage means a larger voltage signal output and a higher external quantum efficiency. In theory, the maximum open-circuit voltage that a device can generate depends on the maximum split of quasi-Fermi level within the absorber layer, which is limited by the contact potential difference at the junction interface ([@bib6]). However, in reality, the open-circuit voltage of the device is also related to the dynamics of the loss mechanism, including bulk material recombination and various interface recombinations ([@bib38]). Therefore, efficient band assembly is the most critical way to obtain high open-circuit voltage.

Graphene with unique properties has been widely used in the construction of modern semiconductor devices such as PDs and PV cells ([@bib11], [@bib29]). The reported VUV transmittance of up to 96% ([@bib46]) indicates that it is a preferred choice for transparent window layers. More importantly, in addition to high mobility, graphene is featured by a low density of states near the Dirac point, which means that its Fermi level can be changed not only by chemical doping, but also by electrical injection ([@bib14]). Therefore, we suppose that, when graphene is used as the hole collection layer, it will help to form a larger splitting of quasi-Fermi level under illumination.

In this report, an efficient band assembly using graphene is implemented to enhance the contact potential difference and thus to induce the greater splitting of quasi-Fermi level in the absorber layer under illumination. Intrinsic-type AlN with ultrawide direct band gap (∼6.2 eV) ([@bib1]) and ultra-high radiation resistance ([@bib8]), *n*-type doped 4H-SiC with relatively smaller electron affinity (∼3.1 eV) ([@bib12]) and high electron saturation drift velocity, and graphene are selected as the absorber layer, electron collection layer, and hole collection layer, respectively. Interestingly, the maximum open-circuit voltage of the constructed p-Gr/i-AlN/n-SiC heterojunction PV device is up to 2.45 V. We attribute this result to the variable Fermi level of graphene and the relatively small electron affinity potential of SiC, which make the potential difference formed at both ends of the device be significantly enhanced. Moreover, voltage loss caused by non-radiative recombination is suppressed due to the growth of lattice-matched high-quality crystals (***a***~AlN~ = 3.11 Å, ***a***~4H-SiC~ = 3.08 Å, lattice mismatch less than 1% in \[0001\] direction) ([@bib32], [@bib51]). To further confirm the quasi-Fermi level splitting enhanced effect achieved by graphene, the graphene-free devices that use metals directly as translucent electrodes were constructed. The maximum open-circuit voltage obtained from these devices is only 2.15 V. Finally, we tested the detection performance of the device as a VUV PD. The high external quantum efficiency (EQE) of the device and its ultra-fast response speed (**R**~max~ = 79.6 mA/W, EQE~max~ = 56.1%, rise time≈45 ns, decay time≈5 μs) further demonstrate the availability of the proposed device design strategy. This work has tapped more possibility for the application of PV devices to the fields such as space solar cells and UV cameras.

Results and Discussion {#sec2}
======================

Construction of the PV Device {#sec2.1}
-----------------------------

To obtain a high-quality absorber layer to reduce the trap-assisted recombination, we have hetero-epitaxially grown a high-quality AlN film (∼100 nm) on an n-type 4H-SiC single crystal substrate (electron density is about 10^18^ cm^−3^) by Metal-organic Chemical Vapor Deposition (MOCVD) (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). The cross-sectional view of scanning electron microscope (SEM) image in [Figure 1](#fig1){ref-type="fig"}A indicates that the film is extremely uniform and appears to have crystalline features over a thickness range of 101.8 nm. The X-ray diffraction spectra and Raman spectrum verify that both AlN and SiC grow along the *c*-axis and long phonon lifetime and n-type doping of SiC, respectively ([Figure S1](#mmc1){ref-type="supplementary-material"}). The high-resolution transmission electron microscope (HRTEM) pattern was carried out on the AlN/SiC interface in [Figure 1](#fig1){ref-type="fig"}B, demonstrating that SiC and AlN have consistent crystal orientation and good lattice matching, which contributes to reduce the photovoltage loss caused by dislocation defects. The characteristic peak of transverse optical (TO) vibration mode in infrared absorption spectra of AlN ([Figure 1](#fig1){ref-type="fig"}C) further illustrates the high crystallinity of the absorber layer. The photoluminescence spectrum ([Figure 1](#fig1){ref-type="fig"}D) was measured at room temperature, from which an extremely clear band edge emission of the AlN film without any impurity peak could be noticed at 206.5 nm, suggesting that the high-quality AlN film has excellent selective absorption characteristics for VUV light.Figure 1Characterization of Epitaxial AlN Film on 4H-SiC Substrate(A) Cross-sectional SEM image of AlN/SiC heterojunction and the thickness of the AlN film is approximately equal to 101.8 nm. Inset includes the crystal structure of AlN and 4H-SiC, both of which belong to the ***P6***~***3***~***mc*** space group.(B) HRTEM pattern obtained under near $\left\lbrack {01\bar{1}0} \right\rbrack$ zone axis of AlN and 4H-SiC lattice at interface, and the corresponding Fast Fourier Transform image is displayed in the upper left corner. The lower right corner is a magnified view of the crystal lattice. The interplanar spacing of the (0002) plane of AlN and the (0004) plane of 4H-SiC are both about 0.24 nm, whereas the $\left( {10\bar{1}0} \right)$ planes are both about 0.26 nm.(C) Infrared absorption spectra of AlN. The E~1~ transverse vibration (TO) mode of infrared activity of AlN can be observed.(D) Photoluminescence spectrum of AlN film, with luminescent center at 206.5 nm, suggesting selective absorption characteristics for VUV light. The excitation wavelength is 193 nm.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

After obtaining an epitaxial AlN film on a 4H-SiC single crystal substrate, the high-quality graphene (naturally slight *p*-type) grown by CVD ([@bib40]) was formed on the AlN surface that serves as a transparent conductive window ([@bib2], [@bib24]) via a wet transfer method (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). The Raman mapping image shows the spatial uniformity of graphene on AlN film ([Figure S2](#mmc1){ref-type="supplementary-material"}). For the sake of the ohmic contact between the metal and the semiconductor and to obtain a desired electrical output, metals with suitable work functions are selected as positive and negative electrodes of the device, respectively. Both 20 nm Ti and 50 nm Au (300 μm in diameter) were thermally evaporated on the top of the graphene as an anode, and the thermally fused In was contacted to the bottom of SiC as the cathode. The final as-fabricated device whose thickness is 0.36 mm is shown in [Figure 2](#fig2){ref-type="fig"}A with a top view image and a schematic diagram (not to scale).Figure 2Device Structure and Voltage Output Characteristics(A) Top view image and schematic diagram of the device structure (not to scale).(B) I-V output characteristics of the device in dark state, which reveals the unidirectional conduction characteristics of the constructed heterojunction.(C) The noise voltage density of the device at 0--1600 Hz.(D) The dark current and the I-V curves under 185 nm monochromatic light irradiation (276.2 μW/cm^2^).(E) The voltage output characteristics under 185 nm monochromatic light irradiation (276.2 μW/cm^2^) at bias current of 0 A. Error bars represent SD from three independent devices.See also [Figures S2--S4](#mmc1){ref-type="supplementary-material"}.

Photovoltage Output Measurements {#sec2.2}
--------------------------------

[Figure 2](#fig2){ref-type="fig"}B is the I-V characteristic curve of the device in dark state, which visually shows the unidirectional conduction effect of the heterojunction. The high crystallinity and high resistance state of the AlN absorber layer are attested by the extremely low dark current (about 10^−10^ A at reverse bias of −4 V) and the noise voltage density ([Figure 2](#fig2){ref-type="fig"}C), which is almost covered by the background noise of the equipment used for testing. We measured the photocurrent of the device by using a low-pressure mercury lamp (185 nm monochrome light) as a VUV light source. Under the irradiation of 185 nm VUV light (276.2 μW/cm^2^), owing to the efficient collection of photo-generated carriers by two charge-selective layers, the device generates a large open-circuit voltage of up to 2.45 V between the two electrodes and the potential on the p-Gr side is higher than that on the n-SiC side ([Figure 2](#fig2){ref-type="fig"}D). At 0 V bias, the light/dark current ratio exceeds six orders of magnitude, certifying the ultra-high signal-to-noise ratio of the device and its excellent VUV responsivity in current detection mode. To further obtain the voltage output characteristics of the device, we performed a voltage-time curve test ([Figure 2](#fig2){ref-type="fig"}E), which embodies the stable voltage output of the device with a bias current of zero. The average output voltage is 2.454 V within 100 s. It should be noted that we have measured three identical devices to obtain reliable experimental results. Error bars in [Figure 2](#fig2){ref-type="fig"}E represent SD from three independent devices. Although the measured values of the individual devices are slightly different, for a certain device, an almost constant open-circuit voltage can always be reproduced and stabilized for a long time ([Figure S3](#mmc1){ref-type="supplementary-material"}). To prove that photo-generated carriers are mainly accumulated at both ends of graphene and SiC in the open-circuit state, the I-V characteristics of contacts formed by SiC and graphene contacted with the electrodes have been measured ([Figure S4](#mmc1){ref-type="supplementary-material"}). A perfect ohmic contact indicates that the voltage drop at the metal-semiconductor contact is much less than that of the device itself. The results presented here preliminarily demonstrate the efficient band assembly and the reliable electrical signal output characteristics of the device.

Ideal Model for Open-Circuit Voltage {#sec2.3}
------------------------------------

As shown in [Figure 3](#fig3){ref-type="fig"}A, compared with different types of heterojunction PV devices previously reported (Si \[[@bib16], [@bib21], [@bib27], [@bib42]\], GaAs \[[@bib7], [@bib17], [@bib18], [@bib30]\], perovskite \[[@bib19], [@bib20], [@bib25], [@bib38]\], AlN \[[@bib46], [@bib47], [@bib45]\]), the as-fabricated device attains the highest open-circuit voltage so far. To explore the mechanism of the ultra-high open-circuit voltage generated in this device, the carrier distribution and transport characteristics of the heterojunction in different states need to be analyzed profoundly. The bulk and contact features of the functional layers in the heterojunction are shown in [Figure 3](#fig3){ref-type="fig"}B. The conduction band minimum (*E*~C~) and valence band maximum (*E*~V~) of the wurtzite-type AlN are located at the central Г point of Brillouin zone, with a direct energy band gap of approximately 6.2 eV ([@bib51]), and 4H-SiC is an indirect band gap semiconductor with a band gap of ∼3.23 eV ([@bib32]). The gray line represents the vacuum level, and the electron affinity of AlN and 4H-SiC is 1.4 and 3.1 eV, respectively. Since the values of the effective mass of electrons and holes are different, the Fermi level of the intrinsic AlN slightly deviates from the center of the band gap, which is about 4.44 eV. And the Fermi level of the heavily doped n-SiC is very close to the conduction band minimum (about 3.17 eV) (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). In addition, the Fermi level of graphene is below the Dirac point (∼4.56 eV) ([@bib15]), indicating a low density of states as a hole transport layer. Under thermal equilibrium, the entire heterojunction has a uniform Fermi level owing to the redistribution of electrons and holes, and two built-in electric fields in the same direction are formed at both interfaces of the heterojunction.Figure 3Generation Mechanism of the Ultra-high Open-Circuit Voltage(A) Comparison of open-circuit voltages of different types of PV devices, including Si, GaAs, and perovskite.(B) Schematic diagram of the energy band of the p-Gr/i-AlN/n-SiC heterojunction in thermal equilibrium. Two built-in electric fields (blue arrows) of the same direction are formed in the space charge region at both interfaces of the heterojunction.(C) Bulk characteristics of functional layers of common p-i-n heterojunctions and their energy band diagrams under photo-excitation. In general, the maximum open-circuit voltage that can be obtained depends on the difference between the Fermi levels of the *p*-type and *n*-type regions.(D) Schematic diagram of the energy band in the non-equilibrium state under VUV irradiation. The orange and green lines indicate the maximum split qV~oc,max~ (∼2.54 V) of the quasi-Fermi level of electrons and holes, which depends on the AlN/SiC junction with a large contact potential difference. And the Fermi level of graphene is pulled down under irradiation. At this point, the potential in the semiconductor is substantially flat.

Under VUV irradiation, photons with energy equal to or greater than the AlN bandgap are absorbed, and the photo-excited electrons enter the conductive band from the valence band, leaving the same large number of holes behind. Thus, the total electron and hole concentrations (*n* and *p*) under irradiation deviate from their thermodynamic equilibrium values (*n*~0~ and *p*~0~) in dark state, which can be described by quasi-Fermi levels *E*~Fn~ and *E*~Fp~ (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). These negative (electron) and positive (hole) charge carriers first reach the space charge region by diffusion and then drift to the SiC electron transport layer and the graphene hole transport layer, respectively, under the influence of the built-in electric field to generate photo-generated current. The current density is almost zero when the circuit is open (the reverse photocurrent is equal to the forward diffusion current), so the quasi-Fermi level of electrons and holes is constant and must be equal to the potential at the contact. This means that the difference in *E*~Fn~−*E*~Fp~ is constant throughout the device and is equal to the voltage applied when the circuit is open.

In general, both the *p*-type and *n*-type regions of a common p-i-n heterojunction device have large doping concentration. [Figure 3](#fig3){ref-type="fig"}C (left) shows the bulk characteristics of the functional layers when they are not in contact with each other. The Fermi levels of the *p*-type and *n*-type regions are close to the top of the valence band and the bottom of the conduction band, respectively. When all functional layers are contacted to form a heterojunction, the maximum open-circuit voltage that can be obtained by the device under illumination depends on the difference between the Fermi levels of the *p*-type and *n*-type regions, as manifested in [Figure 3](#fig3){ref-type="fig"}C (right). In other words, the splitting of the quasi-Fermi level in the heterojunction is limited by the carrier concentration of the *p*-type and *n*-type regions. This is because the carriers generated by optical excitation in the absorber layer are not sufficient to change the bulk characteristics of the *p*-type and the *n*-type regions (that is, the Fermi level is substantially unchanged). However, because graphene, as a hole transport layer, is close to the eigenstate, its Fermi level could be pulled down when there is a large amount of hole injection. Therefore, we consider that the maximum open-circuit voltage that the device can generate is limited by the contact potential difference between AlN and n-SiC rather than by graphene.

The *V*~OC~ of the final device is now largely defined by the quasi-Fermi level split of the AlN/SiC heterojunction with a large contact potential difference, and also, in an ideal state, for an approximately intrinsic AlN absorber layer, *n*~0~ = *p*~0~, so *n* ≈ *p* (Carrier recombination is almost neglected). Therefore, *E*~Fn~−*E*~F~ ≈ *E*~F~−*E*~Fp~ can be obtained, which means the quasi-Fermi level changes of electrons and holes are approximately the same, hence the maximum open-circuit voltage that the device can generate ([Figure 3](#fig3){ref-type="fig"}D) could be described by the following formula:$$V_{\text{OC},\text{max}} = \frac{E_{\text{Fn}} - E_{\text{Fp}}}{q} \approx \frac{2\left( {E_{\text{Fn}} - E_{\text{F}}} \right)}{q}$$

Substituting the corresponding data into the above formula, the calculated value of *V*~OC,max~ is approximately equal to 2.54 V. The above is the theoretical value of the open-circuit voltage obtained by the ideal model analysis without considering the surface state and carrier recombination, which is close to the true measurement. Some reports have investigated the charge transfer process between graphene and semiconductors (such as transition metal dichalcogenides), demonstrating the difference between graphene and traditional bulk semiconductors in the aspect of charge transport characteristics ([@bib26], [@bib43], [@bib50]). In this hybrid device, since the transfer of dominant carrier to graphene belongs to hole injection, the density of graphene\'s hole states increases significantly, resulting in the Fermi level being pulled down under irradiation ([Figure 3](#fig3){ref-type="fig"}D), which is consistent with what was reported previously.

Comparison with Graphene-free Devices {#sec2.4}
-------------------------------------

To further demonstrate the critical role of quasi-Fermi level splitting enhanced effect achieved by graphene, we prepared three graphene-free devices for comparison (the prototype device is labeled Device A). First, we deposited 50 nm Au directly onto the AlN film by thermal evaporation as shown by Device B in [Figure 4](#fig4){ref-type="fig"}A. Obviously, the low photocurrent and open-circuit voltage exhibited by Device B directly demonstrate the efficient collection of carriers by the graphene transparent electrode ([Figure 4](#fig4){ref-type="fig"}B). To obtain a larger contact potential difference than that of device A, Au (∼5.1eV) and Pt (∼5.65eV) with large work functions are selected to form Schottky junctions with the AlN absorber layer. Considering the absorption of VUV light by metal electrodes, 10 nm Au and Pt are deposited on AlN as translucent electrodes (59% and 62% transmittance to 185 nm UV light, respectively, [Figure S5](#mmc1){ref-type="supplementary-material"}), as shown by Device C and Device D in [Figure 4](#fig4){ref-type="fig"}A. Device C and Device D exhibit open-circuit voltages of 1.59 and 2.16 V, respectively, which are smaller than that of device A ([Figure 4](#fig4){ref-type="fig"}B). It should be noted that 185 nm monochromatic light with a power density of 978.1 μW/cm^2^ was used for photoresponse measurements to ensure that the response signal of the devices is saturated. We have prepared three devices of each kind, which are measured under the same conditions. The measurement results are shown in the form of error bars in [Figure 4](#fig4){ref-type="fig"}C, from which it can be seen that Device A has the highest photoelectric conversion efficiency. We attribute the ultra-high open-circuit voltage generated by the device to efficient band assembly with following three aspects: (1) An efficient band distribution allows the photo-generated carriers to be efficiently extracted. (2) Graphene has a band structure of a Dirac cone, so its Fermi level near the Dirac point can be changed to give the device output a larger photo-generated voltage. (3) High crystal quality of AlN reduces trap-assisted recombination via the absorber layer, and good lattice matching of SiC and AlN also greatly suppresses minority carrier recombination at the absorber/transport layer interfaces.Figure 4Comparison with Graphene-free Devices(A) Schematic diagram of four types of devices (not to scale). Device B, C, and D are graphene-free devices.(B) I-V characteristics of four types of devices under 185 nm light irradiation (978.1 μW/cm^2^).(C) Open-circuit voltages of four types of devices. Error bars represent SD from three independent devices.See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

VUV Photodetection Performance {#sec2.5}
------------------------------

The VUV detection performance of the device has also been systematically tested (see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). By using the self-built VUV spectroscopy measurement system ([Figure S6](#mmc1){ref-type="supplementary-material"}), the spectral responsivity (*R*(*λ*) = *I*~*ph*~/*P*~*opt*~, where *I*~*ph*~is the photocurrent and *P*~*opt*~ is the incident light power \[[@bib33]\]) of the device from VUV to deep UV range at 0 V bias has been obtained ([Figure 5](#fig5){ref-type="fig"}A). The results clearly reveal that the PV device possesses a peak responsivity of 79.6 mA/W at 194 nm and a very sharp cutoff wavelength around 205 nm. As shown in the inset of [Figure 5](#fig5){ref-type="fig"}A, the corresponding external quantum efficiency (EQE = *hcR*/*eλ*, where *h* is Planck constant, *c* the speed of light, *e* the electron charge, and *λ* the wavelength of the incident light) is up to 50.96% and the EQE reached a maximum of 56.1% at 172 nm. The VUV/UV-C rejection ratio is as high as 10^4^, demonstrating the device\'s remarkable VUV selective responsivity. Compared with the currently reported PDs based on ultra-wide bandgap semiconductor films ([@bib5], [@bib22], [@bib36], [@bib46], [@bib47]), the PV device achieves the highest EQE in [Figure 5](#fig5){ref-type="fig"}B, which further indicates the prominent photoelectric conversion capability of the prepared p-Gr/i-AlN/n-SiC heterojunction PV device with high open-circuit voltage.Figure 5VUV Photodetection Performance of the Device(A) Photoresponsivity of the device at different wavelengths at 0 V bias and corresponding external quantum efficiency (inset).(B) Comparison of the highest external quantum efficiency of different semiconductor-based VUV PDs, which is a key indicator for measuring the photoelectric conversion capability of a device.(C) Transfer characteristic measurements under 185 nm VUV irradiation with light power varied from 0.6 to 201.4 μW/cm^2^.(D) Fit curve of short-circuit current and responsivity with VUV power, respectively.(E) Repeated operation of the device in dark state and under 185 nm VUV irradiation of 3.0, 11.2, and 83.9 μW/cm^2^ with zero bias.(F) Response speed of the device obtained by the amplified impulse response. The rise time and decay time are 45 ns and 5 μs, respectively.See also [Figures S6--S8](#mmc1){ref-type="supplementary-material"}.

To explore the signal output characteristics of the device, a power-dependent measurement of the device has been implemented in [Figure 5](#fig5){ref-type="fig"}C. As the light power increases, the open-circuit voltage rises rapidly and then gradually reaches the saturation value of 2.45 V. From [Figure 5](#fig5){ref-type="fig"}C we have extracted the respective relationship between the short-circuit current and the light power in [Figure 5](#fig5){ref-type="fig"}D. The short-circuit current of the device is almost linear with the light intensity, whereas the corresponding photoresponsivity remains nearly the same, which indicates the linear output characteristics and uniform photo-response of the device in the photovoltaic mode. The trend of open-circuit voltage with light power can be fitted with the logistic model in [Figure S7](#mmc1){ref-type="supplementary-material"}A. Under certain VUV irradiation, the output photovoltage of the device can maintain stability for a long time ([Figure S7](#mmc1){ref-type="supplementary-material"}B). When the VUV light source is repeatedly switched, the output photocurrent of the device can always be well reproduced ([Figure 5](#fig5){ref-type="fig"}E).

Ultra-fast response speed is an essential requirement for real-time dynamic detection and imaging of solar activity ([@bib45]). It should be noted that the response speed of the device cannot be observed from [Figure 5](#fig5){ref-type="fig"}E because it is limited by the switch speed of the lamp source. The 193-nm nanosecond pulse was utilized to simulate an ultra-fast changing VUV source. The time-dependent photoresponse of the device under VUV pulse irradiation is a reliable reflection of the device\'s stability to fast changing external signals ([Figure S8](#mmc1){ref-type="supplementary-material"}). The rise time and decay time of the device are 45 ns and 5 μs respectively, which can be obtained from the amplified pulse signal ([Figure 5](#fig5){ref-type="fig"}F). It is well known that the rise time of heterojunction PV PDs is mainly limited by the carrier transit time. Thanks to the reasonable design of the depletion layer width and also the high carrier saturation drift speed, the device achieves ultra-fast response speed while maintaining high quantum efficiency. However, the pulse signal output by the device has a relatively obvious tailing phenomenon (decay time is much longer than rise time), which is generally caused by the existence of trap levels in the semiconductor band gap ([@bib47]). Nevertheless, the response speed of the device has been greatly improved compared with that of the previously reported VUV PDs ([Table S1](#mmc1){ref-type="supplementary-material"}). The device performance presented here proves that the design of the p-i-n heterojunction structure not only effectively reduces the dark current, but also optimizes both EQE and response speed.

In summary, taking full advantage of the quasi-Fermi level splitting enhanced effect achieved by graphene, the potential difference between the two ends of the device is greatly enhanced. Owing to the efficient band assembly and the growth of high-quality single-crystal thin films, the fabricated device has realized ultra-high open-circuit voltage (∼2.45 V) and excellent VUV detection performance compared with different types of PV devices. The test results of three graphene-free devices further demonstrate the importance of efficient band assembly for obtaining high-performance PV devices. This work to some extent provides a valuable reference for the development of PV devices with high open-circuit voltage, sensitivity, stability, and fast response speed and explores the great application prospect of PV devices in space detection.

Limitations of the Study {#sec2.6}
------------------------

Although the device here, compared with similar ones, has achieved a larger improvement with respect to performance, the optimal process parameters need to be further explored to get the device more stable and closer to the theoretical output. Besides, in this study, the complex interface states and charge transfer processes of graphene and AlN have not been elaborated, which requires more detailed characterization, such as surface potential testing and optical pumping experiments.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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